hondrocytes of the growth plate are generally assumed to undergo apoptosis, but the mechanisms which induce this cell death are not known. The Fas receptor is a mediator of the apoptotic signal in some systems. We studied its expression in situ in growth plates of rabbits aged from five to 20 weeks. In addition, we investigated the immunolocalisation in the growth plates of the bone proteins, osteonectin and osteocalcin, and the changes in their expression with age.
Longitudinal growth of the long bones takes place at the growth plate in which resting chondrocytes at the top of the plate are stimulated to proliferate, then proceed through several maturational stages, to hypertrophy at the bottom of the plate. The morphological appearance of hypertrophic chondrocytes indicates that the terminal chondrocytes undergo programmed cell death. 1, 2 End-labelling studies have identified cells with fragmented DNA in the hypertrophic zone suggesting that the chondrocytes die through the process of apoptosis. [3] [4] [5] [6] The Fas receptor protein, 7 also termed APO-1 or CD95, which belongs to the tumour necrosis factor (TNF) family, is one of the cell-surface proteins which mediate apoptosis 8, 9 and can be detected by immunostaining methods.
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The Fas receptor is expressed in many tissues, including the thymus, liver, heart, lung and ovary, 12 but there have been no reports of its expression in the chondrocytes of the growth plate. Osteonectin and osteocalcin are typical non-collagenous bone proteins produced by osteoblasts. 13, 14 Their function in bone may be related to the process of mineralisation and/ or resorption. 15 Osteonectin has a wide tissue distribution, but osteocalcin is generally considered to be a specific marker of osteoblasts. 16 In previous studies of the mammalian growth plate in vivo, osteocalcin has not been demonstrated in the chondrocytes or in the cartilage matrix. 14, 17, 18 It has been localised in the hypertrophic chondrocytes of the chick growth plate and in fracture callus in the rabbit and rat. [19] [20] [21] [22] Osteocalcin expression in the mammalian growth plate in vivo has not been reported nor have changes in the expression of osteocalcin and osteonectin with increasing age. We now have in situ techniques which can examine whether chondrocytes undergo apoptosis. New monoclonal antibodies to Fas as well as to osteonectin and osteocalcin are available. Using single and combined immunocytochemical techniques, we studied the growth plates in rabbits aged between five and 20 weeks. We investigated whether chondrocyte death in the growth plate was mediated through the Fas system and the relationship of the number of Fas-positive cells to chondrocytes containing DNA-strand breaks which we have previously reported. 23 We also examined osteocalcin expression in the mammalian growth plate in vivo and the changes which occur in the expression of osteonectin and osteocalcin with age.
Materials and Methods
We used 16 Japanese white rabbits divided into four equal groups which were killed by intravenous injection of pentobarbital sodium at each of 5, 10, 15 and 20 weeks. In the rabbit, the growth plate of the long bones closes between 20 and 30 weeks. The epiphyseal growth plate with metaphyseal and epiphyseal bones was obtained from the femoral head of each rabbit.
Coronal sections 5 mm thick were fixed in 10% formalin for three days, decalcified by EDTA at 4°C for ten days, embedded in paraffin and cut into slices 2.5 m thick.
Sections were either stained with haematoxylin and eosin (HE) or immunostained with monoclonal antibodies for Fas, osteonectin and osteocalcin using the labelled streptavidin biotin (LSAB) method. The sections stained with HE allowed study of the morphological and structural differences in the growth plates with age (Fig. 1) . The height of the growth plates was measured microscopically at the central portion of each femoral head using the HE sections.
The antibody to recombinant Fas receptor protein, clone ZB-4, was purchased from Medical and Biological Laboratories Ltd, Nagoya, Japan 10 The growth plate of the femoral head from a) 5-week, b) 10-week, c) 15-week and d) 20-week-old rabbits (R, resting zone; P, proliferating zone; H, hypertrophic zone; haematoxylin and eosin ‫.)021ן‬
‫,002ן‬ i.e., five regions were counted per rabbit and for each antibody. The mean number of positive chondrocytes was divided by the total number of cells in the region and the percentages of Fas-positive, osteonectin-positive and osteocalcin-positive cells were determined in the whole growth plate and the individual zones as in our previous study.
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Double immunostaining. Some sections were doublestained for both Fas and osteocalcin. The sections were incubated with the primary antibody for osteocalcin for four hours followed by the streptavidin-biotin method linked to peroxidase and 3-amino, 9-ethylcarbazole (AEC). This resulted in a brown reaction product. Incubation with the second primary antibody to Fas took place overnight. This was visualised using the alkaline-phosphatase antialkaline-phosphatase method (APAAP) with Fast Blue as a substrate resulting in a dark blue reaction product. 26 Control sections were incubated with mouse serum (negative control) and only background staining was found. We performed another combined staining for the Fas receptor and terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate (dUTP)-biotin nick end labelling (TUNEL). Sections were stained for Fas as described above with detection of the antibody by peroxidase and AEC. This was followed by a modified TUNEL reaction in which no proteinase K digestion was carried out and the incorporation of dUTP-biotin was detected by binding of avidin-alkaline phosphatase with Fast Blue as a substrate. Negative controls were incubated without Fas in the first step and were not reacted by terminal transferase in the second. They were otherwise treated as above. No positive cells were found in the control. Statistical analysis. We used Student's t-test and the means and standard deviations were calculated for each age group and three individual zones. A p value of <0.05 was considered significant.
Results
In the five-and ten-week groups, the proliferating zone of the growth plate occupied about half its height (Figs 1a and  1b) . [27] [28] [29] With increasing age, the height of the growth plate became progressively less; in the 5-, 10-, 15-and 20-week age groups the mean heights were 600, 415, 358 and 270 m, respectively. The columnar structures from the proliferating to hypertrophic zones were maintained until 15 weeks but the widths of the resting and proliferating zones became narrower (Fig. 1c) . In the growth plate of the 20-week group, there were major structural changes in that the columnar structure was disarranged in addition to narrowing of every zone. There were fewer resting and proliferating chondrocytes and in some areas they were hypertrophic. The 'spicules' of endochondral bone below the chondro-osseous junction were much thicker than those in the five-week growth plates and contained viable cells (Fig. 1d) . Chondrocytes stained positively for the Fas receptor in every age group and in all three zones. The overall percentage of Fas-positive cells, averaged over all three growth-plate zones, increased from 4.4% to 19.9% between five and 20 weeks (Table I) . Most of the labelled cells, however, were in the hypertrophic zone with some staining in the resting zone, whereas the proliferating cells showed positive staining only occasionally (Fig. 2) The percentage of Fas-positive, osteonectin-positive and osteocalcin-positive chondrocytes in the three zones of the growth plate in 5-to 20-week-old rabbits. Figure 3a - In the resting zone, the percentage of Fas-positive cells of the 20-week age group is significantly higher than that of the 5-week age group. In the hypertrophic zone, the 15-and 20-week age groups show significantly higher percentages than the 5-and 10-week age groups. weeks from around 15% to over 40% (Fig. 3a) . The positively stained cells were not evenly distributed across the length of the growth plate. Some regions had very little staining whereas in others over 50% of all hypertrophic cells stained positively. Chondrocytes staining positively for osteonectin and osteocalcin were present in all of the growth plates (Figs 4a  and 4b) . The positive chondrocytes stained as strongly as osteoblasts for both antibodies. The overall percentage of positively stained cells tended to increase with age (Table  I) . Within the hypertrophic zone, where most of the osteonectin-positive and osteocalcin-positive cells were found (Figs 3b and 3c, 4a and 4b) , there was very little change with age. Only the five-week age group showed a significantly lower percentage of osteocalcin-positive cells than the 15-and 20-week age groups. This was in marked contrast to the doubling of the percentage of Fas-positive cells in the 15-and 20-week age groups compared with the 5-and 10-week age groups. Double immunostaining for the Fas receptor and osteocalcin showed that osteocalcin was present in the bone matrix, osteoblasts and osteocytes as expected, but in the hypertrophic zone, staining was not uniform. Some hypertrophic chondrocytes stained for Fas alone and others for osteocalcin alone. A few chondrocytes stained for both antibodies while some were negative for both stains (Fig.  5) . Generally, the strongly osteocalcin-positive cells were located in the upper hypertrophic zone although, occasionally, a terminal chondrocyte stained positively for osteocalcin alone. Many of the hypertrophic chondrocytes which did not stain for osteocalcin, stained positive for Fas, but numerous others remained unstained.
The combined staining for Fas and TUNEL also showed heterogeneity of staining. The best examples of combined staining were found in the growth plate of the 20-week-old rabbits in which many of the Fas-positive chondrocytes also had a nucleus which contained DNA breaks, as indicated by a positive TUNEL reaction product (Fig. 6) . Other Immunostaining for osteonectin at 20 weeks (a) and osteocalcin at 10 weeks (b). In both, the cytoplasmic brown stain is clearly evident in the hypertrophic chondrocytes ‫.)061ן(‬ chondrocytes were labelled by Fas alone and some showed neither Fas nor TUNEL staining.
Discussion
Recent technological advances, including the availability of new monoclonal antibodies and methods for the detection of DNA breaks in situ, the hallmark of apoptotic cells, have enabled us to re-examine some of the accepted tenets of the morphology and function of the chondrocytes of the growth plate. The fact that they undergo apoptosis, the highly conserved innate mechanism by which eukaryotic cells commit suicide, 30 is one of the more recent findings. [1] [2] [3] [4] [5] [6] Apoptosis occurs in response to physiological stimuli and is believed to be triggered by signalling through cell surface-membrane proteins. 31 The Fas system is known to mediate an apoptotic signal through the membrane and is central to a number of mammalian processes of cell death. 7, 9 In our study, the percentage of Fas-positive cells tended to increase with age. A comparison of the number of Fas-positive cells with that of TUNEL-positive cells which we reported in our previous study, 23 has shown that both are closely correlated. This was true for the whole growth plate and particularly for the hypertrophic zone, which showed the highest percentage of both Fas-and TUNEL-positive cells of the three zones of the growth plate. The exact percentages of these stainings may not represent the real rates of chondrocyte death because there are many biases in the calculation of positive ratios in immunohistochemical studies. The Fas-and TUNEL stainings, however, show the same trends of change with increasing age which suggests that apoptosis in the chondrocytes of the growth plate is mediated through the Fas system. Further evidence for this was provided by the combined Fas + TUNEL staining which showed the presence of DNA breaks in the nuclei of Fas-positive chondrocytes.
The Fas-antibody which we used identifies only the Fas receptor protein which would be expressed before DNA fragmentation became apparent. In the combined Fas + TUNEL staining, several cells expressed the Fas receptor but did not contain DNA breaks as expected. Hence the presence of this protein may indicate only a 'preparedness' for cell death and not necessarily that the cell is destined to die. For apoptosis to occur would require binding of the Fas ligand to the Fas receptor, followed by intracellular conversion of the Fas-signal to the death signal. 9 It is possible that this conversion had taken place in those chondrocytes in which the presence of the Fas receptor co-localised with nuclear fragmentation. We do not yet know which cells produce the Fas ligand in the growth plate. One possibility is that the ligand may diffuse through cartilage matrix from cells in the vascular system. Another is that the chondrocytes themselves produce the Fas ligand as well as the receptor, i.e., an autocrine and/or paracrine mechanism. 32 If the chondrocytes of the growth-plate do commit 'suicide', the dying cell may express both the Fas ligand and the receptor.
Osteonectin is an acidic calcium-binding protein and a major structural component of the bone matrix. 33 There have been several previous immunohistochemical studies on the distribution of this protein in the growth plate. 13, 34 A considerable amount of osteonectin is produced in the hypertrophic zone and only low levels are detectable in the resting and proliferating zones. 33, 34 These results were confirmed in our study which also showed that there was little change in the percentage of osteonectin-positive chondrocytes with age in the three zones. Previous immunohistochemical studies of the mammalian growth plate have been unable to detect osteocalcin in the hypertrophic chondrocytes in vivo, 14, 17, 18 although its mRNA expression had been determined in vitro. 35 Hence the strong positive staining which we found requires some explanation. Doubts have been expressed about the specificity of some osteocalcin antibodies which recognise epit- Combined staining for Fas and TUNEL at 20 weeks. Fas immunostaining (brown) was followed by in situ detection of DNA breaks (TUNEL, dark blue). Some chondrocytes are positive for the Fas receptor only (arrows), but many stained for both Fas and TUNEL (arrows and arrowheads). There are also unstained chondrocytes (double arrows). Some nuclei appear almost black due to the intensity of the TUNEL reaction ‫.)035ן(‬ opes on proteins other than osteocalcin. 36 It was found that those antibodies which were directed to epitopes near the N-terminal end of the molecule were specific for osteocalcin antigen. Since the epitope of the present monoclonal antibody was in that region, we consider our osteocalcin staining to be specific. One reason why previous immunocytochemical studies failed to demonstrate osteocalcin in chondrocytes may be related to the fact that osteocalcin production of hypertrophic chondrocytes is only one hundredth of that observed for mature osteoblasts and hence below the level of detection if the antibody is diluted too much. 37 McKee et al, 19 using an osteocalcin antibody at a dilution of only 1:10, showed the presence of osteocalcin in the hypertrophic zone of the chick growth plate by electron microscopy. We used a new monoclonal antibody, also at a dilution of only 1:10, which may explain the better staining. In bone, osteonectin and osteocalcin are components of the mineralised matrix, although they are not thought to have a role during the initiation of mineralisation. 15 The function of these non-collagenous proteins in cartilage is less certain. In our study, the percentage of osteonectin-and osteocalcin-positive cells in the hypertrophic zone did not show as many changes with increasing age as that of Faspositive cells. The double immunostaining for Fas + osteocalcin raised some interesting questions. It showed a heterogeneity among the hypertrophic chondrocytes which were either stained by Fas alone, osteocalcin alone, remained unstained or, occasionally, stained for both Fas and osteocalcin. These cells may be in a metastable or transitional state. This heterogeneity of the mammalian chondrocytes of the growth plate is not generally appreciated and may correspond to a functional heterogeneity. 38, 39 The positive osteocalcin staining is consistent with the possibility that some chondrocytes become bone-forming cells, as has been shown for chick chondrocytes, 40 although further work is needed to clarify this.
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